Ultraviolet (UV) light-induced pyrimidine photodimers are repaired by the nucleotide excision repair pathway. Photolesions have biophysical parameters closely resembling undamaged DNA, impeding discovery through damage surveillance proteins. The DDB1-DDB2 complex serves in the initial detection of UV lesions in vivo. Here we present the structures of the DDB1-DDB2 complex alone and bound to DNA containing either a 6-4 pyrimidine-pyrimidone photodimer (6-4PP) lesion or an abasic site. The structure shows that the lesion is held exclusively by the WD40 domain of DDB2. A DDB2 hairpin inserts into the minor groove, extrudes the photodimer into a binding pocket, and kinks the duplex by $40
SUMMARY
Ultraviolet (UV) light-induced pyrimidine photodimers are repaired by the nucleotide excision repair pathway. Photolesions have biophysical parameters closely resembling undamaged DNA, impeding discovery through damage surveillance proteins. The DDB1-DDB2 complex serves in the initial detection of UV lesions in vivo. Here we present the structures of the DDB1-DDB2 complex alone and bound to DNA containing either a 6-4 pyrimidine-pyrimidone photodimer (6-4PP) lesion or an abasic site. The structure shows that the lesion is held exclusively by the WD40 domain of DDB2. A DDB2 hairpin inserts into the minor groove, extrudes the photodimer into a binding pocket, and kinks the duplex by $40
. The tightly localized probing of the photolesions, combined with proofreading in the photodimer pocket, enables DDB2 to detect lesions refractory to detection by other damage surveillance proteins. The structure provides insights into damage recognition in chromatin and suggests a mechanism by which the DDB1-associated CUL4 ubiquitin ligase targets proteins surrounding the site of damage.
INTRODUCTION
Nucleotide excision repair (NER) is a central pathway for the removal of structurally and chemically diverse lesions (Friedberg et al., 2006; Gillet and Scharer, 2006) . These lesions range from ultraviolet (UV)-induced cyclobutane pyrimidine dimers (CPD) and 6-4 pyrimidine-pyrimidone photoproducts (6-4PP) to a variety of bulky adducts formed by environmental carcinogens. Mutations in NER are associated with rare autosomal recessive syndromes such as xeroderma pigmentosum (XP) characterized by heightened UV sensitivity, neurological abnormalities, and an increased propensity to develop skin neoplasms (Cleaver, 2005 ).
In the global-genome branch of NER (GG-NER), the DNA is initially surveyed for lesions by XPC-RAD23B (Sugasawa et al., 1998) and the UV DNA-damage binding (UV-DDB) complex (Fitch et al., 2003; Moser et al., 2005; Sugasawa et al., 2005) . Arrival of XPC-RAD23B at the site of damage triggers the recruitment of TFIIH, with its associated XPB and XPD helicases, followed by XPA, the single-strand DNA-binding protein RPA, and the two nucleases XPG and XPF-ERCC1 (reviewed in Gillet and Scharer, 2006) . Once assembled, the NER repairosome excises a 24-32 nt ssDNA fragment containing the damage, and this is followed by gap resynthesis (Aboussekhra et al., 1995) .
The UV-DDB complex contains two principal subunits, DDB1 (p127) and DDB2 (p48) (Dualan et al., 1995; Feldberg and Grossman, 1976; Takao et al., 1993) . Mutations in DDB2 give rise to XP complementation group E (reviewed in Tang and Chu, 2002) . Several lines of evidence indicate that UV-DDB is the GG-NER factor specialized for the detection of UV-induced lesions in chromatin. In vitro, UV-DDB binds to pyrimidine dimers including isomers of CPD and 6-4PP with the highest reported affinity and specificity of all NER proteins (Fujiwara et al., 1999; Payne and Chu, 1994; Reardon et al., 1993; Treiber et al., 1992; Wittschieben et al., 2005) . XPC, by contrast, has substantially lower affinity and specificity for UV lesions (Batty et al., 2000; Sugasawa et al., 1998) . In vivo, DDB2 localizes ahead of XPC to CPD and 6-4PP lesions (Fitch et al., 2003; Moser et al., 2005; Yasuda et al., 2007) . In the absence of DDB2, XPC still localizes to 6-4PP and to a lesser extent to CPDs, although with substantially delayed kinetics (Moser et al., 2005; Wakasugi et al., 2002; Yasuda et al., 2007) . In DDB2-deficient XPE cells, CPD repair is largely abolished, while 6-4PP repair is affected to a lesser extent (Hwang et al., 1998; Moser et al., 2005; Tang et al., 2000) .
The DDB1 subunit associates tightly with the CUL4-RBX1 complex and forms a cullin family ubiquitin ligase (Groisman et al., 2003; Shiyanov et al., 1999) . Following UV exposure, the DDB1-DDB2-CUL4A-RBX1 complex (DDB CUL4 ) localizes to XPC . Additional DDB CUL4 substrates include histones H2A, H3, and H4 around the site of damage (Kapetanaki et al., 2006; Wang et al., 2006) . H3 and H4 ubiquitination has been shown to loosen nucleosome binding in vitro , providing a pathway to assemble the NER repairosome in the otherwise inaccessible chromatin environment.
Here we present the structures of the DDB1-DDB2 complex alone and bound to DNA containing either a 6-4PP lesion or an abasic site. The structures reveal the molecular mechanism underlying high-affinity recognition of photolesions that are refractory to detection by XPC. The structures also suggest a mechanism for the assembly of the DDB CUL4 ubiquitin ligase in chromatin and provide a framework for understanding the ubiquitination of proteins proximal to damage.
RESULTS
The Overall Structure of the DDB1-DDB2 Complex The crystal structures of the human DDB1-DDB2 (DDB hs ) complex and that of human DDB1 bound to the zebrafish DDB2 ortholog (DDB dr ) were determined at 3.3 Å and 2.3 Å resolution, respectively (Tables S1 and S2 available online) . A 2.8 Å refined structure of DDB dr with UV-damaged DNA was obtained with a 14 base pair (bp) DNA duplex containing a synthetic 6-4 pyrimidine-pyrimidone (6-4PP) dimer located opposite two adenine bases (thereafter DDB dr -DNA 6-4PP ). Additionally, cocrystal structures with DNA duplexes containing a single base tetrahydrofuran (THF) abasic site mimic, which has been shown to be recognized by UV-DDB in vitro (Fujiwara et al., 1999; Wittschieben and Wood, 2003) and 51% (identity) for the constructs crystallized (see Figure S1 ). The overall Ca-backbone rmsd of the human and zebrafish DDB2 structures is 1.1 Å , with 48% similarity in the DDB1-DDB2 interface. As the protein-DNA interactions in DDB hs -DNA THF are more than 80% identical to those in the DDB dr -DNA complexes, our discussion will focus on the high-resolution zebrafish DDB dr structures. The DDB2 structure is composed of an N-terminal helix-loophelix segment (residues 101 to 136) followed by a 7-bladed WD40 b propeller domain (residues 137 to 454; Figures 1, 2B, 2C, and S1). The DDB1 structure was previously shown to consist of three WD40 b propeller domains (BPA, BPB, and BPC) and a C-terminal helical domain (CTD) (Angers et al., 2006; Li et al., 2006) . DDB2 binds to an interface between the DDB1 BPA and BPC propellers, where its helix-loop-helix motif (helices h1 and h2) inserts into a cavity formed by the narrow ends of BPA and BPC (Figures 1 and S3A ). The wide end of DDB2, which anchors the helix-loop-helix motif, contains a large hydrophobic surface patch ($3900 Å 2 ) that is buried at the DDB1-DDB2 interface upon complex formation. (Figures 1 and 2 ). DDB2 binds DNA with the narrow end of its b propeller, opposite from where the DDB1-binding site is located. The DNA runs across the full diameter of the DDB2 b propeller, slightly offset toward one side (WD40 repeats 4-7; Figure 2C ). The overall DDB2-DNA binding interface comprises seven base pairs: two directly at, three 5 0 , and two 3 0 to the lesion. The surface buried upon DNA-DDB2 complex formation is on the order of $2100 Å 2 .
The 14 bp 6-4PP DNA structure consists of two doublestranded B-DNA segments (6 bp and 5 bp) that flank a central 2 bp distortion where the two strands are separated. This 2 bp distortion forms over the 6-4PP dinucleotide, and the separation of the damaged and undamaged strands results in a gap in the duplex (dimensions 10 Å 3 9.2 Å ) (Figure 3 ). The DNA is kinked by $40
around the site of the lesion (Figure 2 ). The 6-4PP
photodimer is flipped out of the duplex and is held near the central cavity of the DDB2 b propeller by a shallow pocket formed by residues from the loops connecting strands D1-A2, B2-C2, and D2-A3 (Figure 3 ). The DDB2-DNA interactions include chargestabilized hydrogen bonds to the phosphodiester backbone distributed equally among the two DNA strands. These involve three arginine (Arg148, Arg369, Arg404) and two lysine residues (Lys168, Lys280), as well as the side chains of Tyr393 and Gln345 and the backbone amide group of Ile428 ( Figures 3B  and 3E ). An additional set of eleven mostly conserved arginine, lysine, and histidine residues located more distally to the DNA backbone (>5.5 Å ) line the path of the DNA phosphate backbone along the propeller ( Figure 6A ).
DDB2-Mediated Damage Detection Involves Insertion of an Invariant Hairpin at the Lesion Combined with Photodimer Flipping
The separation of the damaged and undamaged strands at the lesion is triggered by the insertion of a three residue DDB2 hairpin (residues 371 to 373) that occurs in the connection between blades 5 and 6. The side chains of Phe371, Gln372, and His373, all of which are strictly conserved among DDB2 orthologs, insert part way into the DNA duplex, on the minor groove side. This insertion is associated with the minor groove widening from 13 Å to 18 Å and causes unwinding of the DNA around the lesion by $23 . The major groove remains largely unaffected ($18 Å ; Tables S3  and S4 ). The 6-4PP nucleotides flip out in an extrahelical conformation, orphaning the opposing adenine bases (U À1 , U À2 ). Upon photodimer flipping, U À1 and U À2 are juxtaposed to hairpin residues His373 and Gln372, respectively ( Figures 3A and 3B ) such that the His373 imidazole ring and Gln372 carboxamide group are approximately coplanar with the opposing bases. The bases . Hairpin residues contacting the DNA are shown as yellow spheres; residues contacting the DNA backbone are shown in orange. Bound DNA is shown in black/gray (carbon atoms) with phosphates in orange/ purple for the damaged/undamaged strand, respectively. of the undamaged strand largely retain their stacking interactions with adjacent bases within the duplex. The one exception is the step from the U À1 base to the U +1 base. This base step exhibits diminished stacking owing to a large shift value of À5.8 Å (calculated with 3DNA; Lu and Olson, 2008) , with U À1 moving away from DDB2. Although both base planes remain parallel and in a helical conformation, they make only a small number of van der Waals contacts. The gap in the duplex that results from the extrahelical 6-4PP conformation of the damaged strand is stabilized through Gln372 p-stacking with the base 3 0 to the lesion (D +3 ), and also through His373 stacking against base D À1 on the 5 0 side. The hairpin residues Gln372 and His373 thereby substitute for the flipped-out 6-4PP photodimer by stabilizing the orphaned bases on the undamaged strand ( Figure 3A ), as well as the flanking bases on the damaged strand that have lost their stacking partners due to photodimer flipping.
The Photodimer Binding Pocket Restricts the Size of Base Adducts Bound by DDB2
The 6-4 pyrimidine-pyrimidone photodimer binds to a shallow DDB2 pocket lined by Pro191, Gly192, Ile213, Trp236, and Trp239 ( Figures 3C and 3E ). Approximately half of the surface area of the photodimer becomes buried in the complex. The 3 0 -pyrimidone (position D +2 ) makes more extensive contacts compared to the 5 0 -pyrimidine (position D +1 ). The pyrimidone ribose group makes van der Waals contacts to Trp239, while the edge of the base group that contains the C5-methyl group packs with hydrophobic groups of Gly192 and Ile213. The opposing edge of the pyrimidone base containing the carbonyl group (O2) is solvent exposed. The 5 0 -pyrimidine base has one edge (C6 carbon, and methyl and hydroxyl groups of the C5 carbon) packing loosely ($4.2 Å ) with Trp236 and Pro191. The opposite edge of the pyrimidine base (O2, N3, and O4) is fully solvent exposed ( Figure 3C ). Overall, the complementarity between the photodimer surface and the pocket is partial, consistent with the pocket accommodating the CPD lesion as well ( Figure 5 ). However, the shape and composition of the pocket would limit the size and the chemical nature of the lesion that can be accommodated. Larger substitutes including 4-nitroquinolone (4NQ) and nitrogen mustard, both of which are weak substrates (Payne and Chu, 1994) , can only be accommodated on the solvent-exposed edge of the D +1 position.
The 6-4 photoproduct (D +1 -D +2 ) exhibits a compression of the phosphate backbone from 7.0 Å to <6.0 Å (Tables S5 and S6 ). This conformation is stabilized by Arg148 and Lys168, the latter being positioned in-between the two phosphates of the photodimer ( Figures 3B and 3E ). Additional stabilization of the lesion backbone is contributed by Gln372 (hairpin), which hydrogen bonds to the 5 0 phosphate group of the pyrimidone (position D +2 ). The observed compression in the D +1 -D +2 backbone is expected to favor the binding of intrastrand crosslinks, which in solution are often precompressed (reviewed in Lukin and de Los Santos, 2006) . Accordingly, cis-Pt modified duplexes with a compressed phosphate backbone (5 0 -3 0 / cis-PT: 6.31 Å , 5.95 Å [Gelasco and Lippard, 1998 ]) are an in vitro DDB2 substrate.
The Observed Kink in the Damage Duplex Is Induced by DDB2
The kinking of the DNA around the 6-4PP is caused by DDB2 interactions with both the damaged and undamaged strands. On the damaged strand, the flipping out of the 6-4PP dinucleotide and their replacement by the smaller Gln372 and His373 side chains allows for kinking toward the major groove, with the DDB2 contacts to the phosphate groups flanking the 6-4PP serving as pivot points. On the undamaged strand, the Phe371 side chain from the hairpin pushes the U À1 base away from the DNA axis facilitating the compression of the major groove and changing the direction of the 5 0 segment of the DNA strand. The kink in the 3 0 direction of the undamaged strand end is caused by Phe447 pushing the U +3 ribose group away from DDB2 ( Figures 3B and 3E ).
The DDB2 Hairpin Displaces Two Nucleotides Irregardless of the Presence of a Single Nucleotide THF Lesion or a Dinucleotide Photoproduct
The tetrahydrofuran moiety is a single base pair lesion that is bound tightly in vitro (Fujiwara et al., 1999; Wittschieben and Wood, 2003) . The DNA THF conformation in the 2.6 Å DDB dr -DNA THF structure is surprisingly similar to the dinucleotide crosslink seen in the DDB dr -DNA 6-4PP structure. As in DDB dr -DNA 6-4PP , DDB dr -DNA THF has two nucleotides flipped out, with the THF occupying position D +1 and the unmodified adenine base 3 0 to the THF at position D +2 (Figures 4 and S4) . In addition, the overall DNA-backbone conformations and the DNA paths along the surface of DDB2 are essentially identical, despite different lesion types and DNA sequences (6-4PP versus THF rmsd of 0.39 Å for the protein; 1.7 Å for DNA backbone over 10 bp). The kinking angle observed in THF and 6-4PP is indistinguishable within experimental error with slight variations (±5 ) likely due to differences in crystal packing of the very ends, 3 0 to the damage (Figure 2A) . The low-resolution DDB hs -DNA THF structure exhibits an essentially identical kinking angle and DNA path ( Figure S5 ).
DDB2 Is a DNA Sequence-Independent Damage-Detection Protein
In the THF and 6-4PP structures, DDB2 contacts the lesion, their unstacked neighbors (D +3 , D À1 ), the two orphaned undamaged bases (U À1 , U À2 ), and the phosphate backbone. The only DNA sequence-specific hydrogen bond is between Gln372 and the orphaned U À2 base. Purines (adenine in DDB dr -DNA 6-4PP via atom C2) as well as pyrimidines (thymine in DDB dr -DNA THF via atom N3) function as hydrogen bond donor to the Gln372 carboxamide oxygen. In principle, analogous hydrogen bonds can be made with guanine (via N1) and cytosine (via N4), making DDB2 a sequence-independent damage-detection protein.
The DDB2 b Propeller Uses Canonical WD40 Features to Serve as a DNA-Binding Platform Seven out of the twelve DDB2 residues in direct contact with the DNA occur at positions frequently used by other WD40 domain proteins for binding to phosphopeptides and other ligands (Wu et al., 2003) . These positions include the residue immediately preceding strand A, the innermost strand of the WD40 blade, where the DNA-contacting residues Arg148, Lys280, and Ile428 of DDB2 map to (see Figure 2C for nomenclature). The other position is the residue immediately following strand B, which contains four more DNA-contacting DDB2 residues (Lys168, Gln345, Tyr393, and Phe447). The third WD40 position, the second residue in strand A, is not used by DDB2 in ligand binding (see also Figure S1 ). In addition to DDB2, several other proteins involved in chromatin and nucleic acid-associated processes contain WD40 domains. The high versatility of the b propeller fold and the relatively few changes required for nucleic acid binding suggest that these proteins may use WD40 domains for protein-DNA interactions as well. A likely example is the kelch type b propeller protein RAG2, which is involved in V(D)J recombination. Biochemical studies point at the b propeller domain as being directly involved in DNA binding (Fugmann and Schatz, 2001 ).
DISCUSSION
The Mechanism of DNA-Damage Recognition by DDB2 Damaged-DNA recognition by DDB2 involves the insertion of the hairpin into the minor groove, the stabilization of the flipped lesion and of the orphaned bases, and the kinking of the DNA. Due to the large footprint of the hairpin, minor groove insertion can proceed only upon flipping of the damage-strand bases out of the duplex. Since the footprint spans two bases, a dinucleotide flip is required, regardless of the presence of a single base THF or a two base 6-4PP lesion. The 16 basic side chains on the DDB2 surface likely guide and pre-orient the DNA toward DDB2, increasing the probability that the intermolecular encounter will result in productive complex formation ( Figure 6A ). The hairpin structure, which is stabilized by an i+3 backbone hydrogen bond, does not change on DNA binding. The three Ca atoms of the hairpin in the DDB dr -DNA 6-4PP can be superimposed on those in the DDB dr -DNA THF and the apo-DDB dr complexes with rmsd values of 0.18 Å and 0.56 Å , respectively ( Figure 6B) .
The DNA structure, on the other hand, changes substantially on DDB2 binding. Isolated 6-4PP and CPD DNA molecules exhibit overall double-helical structures in solution, and the lesions or the opposing bases are not flipped out of the duplex (reviewed in Lukin and de Los Santos, 2006) . However, these lesions destabilize the double-helical DNA structure, presumably due to suboptimal stacking and lack of base pairing at the lesion (Jing et al., 1998; Lukin and de Los Santos, 2006) . This destabilization may well be associated with conformational flexibility at the lesion, and indeed molecular dynamics (MD) simulations suggest an increased propensity of the lesions to flip out, combined with an increased mobility of the bases in direct proximity to the lesion (Barsky et al., 2000; Maillard et al., 2007; O'Neil et al., 2007) . This suggests that the isolated lesion may sample a conformational space populated with structures that share aspects of the flipped dinucleotide conformation of the DDB2-bound DNA. DDB2 could then pre-select those DNA conformations that most resemble the bound-DNA state. We presume that the sampling of the lesion's conformational space by DDB2 could be aided by an induced-fit mechanism whereby the binding energy from initial DDB2-DNA interactions may help distort the DNA structure further. Such initial DDB2-DNA interactions may involve a subset of the interactions seen in the final specific complex, but they could also involve the large number of basic side chains on the DDB2 surface ( Figure 6A ). All these binding mechanisms are based on the diminished intrastrand stacking and interstrand hydrogen bonding interactions around the lesion allowing the insertion of the hairpin and the flipping out of a dinucleotide segment. In the absence of damage, however, the intact base stacking and hydrogen bonding interactions would represent an energy barrier that precludes the insertion of the hairpin.
Additional specificity toward the photoproducts is provided by (1) the DDB2 lesion-binding pocket, which would limit the size of the damaged base at the D +2 position and the nature of the covalent modifications at the D +1 position and (2) the interactions with the lesion's phosphodiester backbone, the compression of which would be stabilized by the 6-4PP or CPD intrastrand crosslink.
By Probing the Photoproduct Directly, in a Tightly Localized Fashion, DDB2 Detects Lesions Refractory to Binding by Rad4/XPC The difficulty in detecting CPD lesions, as opposed to other photodimers, lies in the comparatively small structural and thermodynamic perturbation caused by lesions of this type. Structures of 6-4PP containing duplexes in solution show a greater extent of helix distortion than identical duplexes containing a CPD. In the context of a 12 bp DNA, a 6-4PP has been reported to thermodynamically destabilize the duplex by $6 kcal/mol, whereas a CPD resulted in $1.5 kcal/mol destabilization (Jing et al., 1998) . Structural and biochemical studies have indicated that Rad4/XPC detects the lesion-induced thermodynamic destabilization of the Watson Crick duplex by flipping the lesioncontaining dinucleotide as well as the two opposing, undamaged nucleotides (Min and Pavletich, 2007) . In the structure of Rad4/XPC bound to a CPD-containing DNA, the damaged bases and their phosphodiester backbone are disordered in a fully solvent-exposed area of the complex, allowing Rad4/ XPC to accommodate a wide range of bulky lesions. From a thermodynamic point of view, however, Rad4/XPC pays a penalty for flipping the undamaged nucleotides opposing the lesion. Solution NMR studies of CPD-containing duplexes have shown that the bases opposing the lesion are largely stacked within the duplex, although they are likely to be more flexible and have a higher probability of flipping out. Consequently, Rad4/XPC has only limited specificity toward CPD lesions, but it can recognize a wide range of lesions that destabilize the duplex substantially. DDB2, on the other hand, more directly probes for the limited perturbations caused by the photolesion. It binds to the lesion's phosphodiester backbone in a compressed conformation, essentially recognizing a DNA structural feature induced by the lesion. DDB2 also binds to the damaged bases through its surface pocket, stabilizing the flipped-out conformation of the lesion. In addition, because DDB2 does not flip out the undamaged bases, it can sense lesions that destabilize the duplex minimally. These features provide DDB2 with a heightened specificity toward photodimers, but they also limit the range of lesions that it can recognize compared to Rad4/XPC.
DDB2-Mediated Recognition of Nucleosome-Embedded UV Lesions
The DDB1-DDB2 complex localizes to chromatin following UV irradiation (Rapic Otrin et al., 1998) , and it remains tightly associated with mononucleosomes when chromatin from UV-irradiated cells is solubilized by micrococcal nuclease digestion (Groisman et al., 2003) . The DNA duplexes in DDB THF and DDB 6-4PP are remarkably similar in backbone conformation to that of the DNA wrapped around the nucleosome core particle. In fact DDB hs -DNA THF and the nucleosomal DNA can be superimposed with an rmsd of $2.4 Å over 23 bp (including the lesion and its two flanking 11 bp segments), while DDB dr -DNA can be superimposed with an rmsd of $3.4 Å over 12 bp (including the lesion and its two flanking 5 bp segments) (Davey and Richmond, 2002) . Upon superposition, the $40 kinking angle around the lesion mimicks the nucleosomal DNA curvature. The best fit with the nucleosomal DNA is obtained when placing the lesion where the minor groove faces outwards and thus points away from the core particle. In such configuration, DDB2 would, in principle, be able to read out the photodimer from the solvent without having to interfere with the remainder of the nucleosome structure ( Figure S6 ). Interestingly, CPDs isolated from irradiated human cells do not distribute randomly but rather cluster at these exact locations, with the minor groove pointing outwards, thus potentially facilitating CPD detection by DDB2 in vivo (Gale et al., 1987) . XPC, in contrast, does not bind well to nucleosomal substrates (Yasuda et al., 2005) .
A Model for DNA-Mediated XPC Recruitment by the DDB1-DDB2 Complex
Comparison of our DDB2-DNA complex with the structure of the yeast XPC homolog Rad4 bound to damaged DNA (Min and Pavletich, 2007) indicates that the two proteins cannot bind to the same lesion simultaneously, as the DDB2 hairpin would clash extensively with a Rad4 b hairpin that also inserts through the DNA duplex. However, because XPC/Rad4 binds to DNA in a bipartite manner, utilizing separate domains for binding to the lesion-containing DNA segment and to the adjacent undamaged dsDNA segment, it is possible that XPC can bind to the DDB2-damaged DNA complex by interacting only with the undamaged dsDNA 3 0 to the lesion (see Figure S7 ). Further biochemical and structural studies are required to address the possibility of a DDB2-DNA-XPC complex.
Mutations in DDB2 Found in Xeroderma Pigmentosum Complementation Group E Impair DNA and DDB1 Binding The DDB1-DDB2-DNA structure indicates that most XPE mutations affect residues or structural elements involved in binding to either DNA or DDB1. Mutations that affect DNA binding include Lys244Glu and Arg273His (Tang and Chu, 2002; Wittschieben and Wood, 2003) . In the structure, Lys244 (Lys280 in drDDB2) makes a direct contact to the phosphodiester backbone of the DNA. Arg273 (Arg309 in drDDB2) does not contact the DNA directly but is involved in intramolecular interactions that may have a role in stabilizing the structure of blade 4, part of which forms the DNA-binding surface of DDB2. The DDB1-DDB2 interface is affected in XPE patient GM01389 with a Leu350Pro mutation combined with the deletion of Asn349 (Nichols et al., 2000; Rapic-Otrin et al., 2003 ) (Leu387 and Asp386 in drDDB2, respectively). The XPE phenotype of these DDB1-DDB2 interface mutations suggests that the lack of DDB1 and its associated ubiquitin ligase activity would result in a defective NER response. It is also possible that lack of DDB1 binding may reduce the amount of functional DDB2 available in the cell because, in vitro, we find that the solubility of DDB2 is highly dependent on the presence of DDB1 (A.S. and N.H.T., unpublished data).
Other XPE mutations such as Asp307Tyr may affect the structural integrity of the entire DDB2 WD40 domain, indirectly interfering with the binding to both DNA and DDB1 (see Figure S1 for a more detailed discussion of XPE mutations).
The DDB CUL4 Ubiquitin Ligase Complex Establishes a Spatially Defined Ubiquitination Zone around the Lesion The DDB1-DDB2 structure provides insights into the DDB1-DCAF ubiquitin ligase architecture (O'Connell and Harper, 2007) (implications for DCAF-complex architecture outside DNA repair are discussed in Figure S3 ). In vivo the DDB1-DDB2-CUL4-RBX1 ubiquitin ligase complex (DDB CUL4 ) has been shown to ubiquitinate DDB2, XPC (El-Mahdy et al., 2006; Sugasawa et al., 2005) , and histones . Although the role of DNA binding in the ubiquitin ligase activity of DDB CUL4 is not well understood, several lines of evidence suggest that DNA binding may facilitate ubiquitination. In vivo, DDB CUL4 is associated with the COP9 signalosome (Luijsterburg et al., 2007) that inhibits CUL4 ubiquitin ligase activity (Groisman et al., 2003) , and chromatin localization leads to the release of COP9 (Groisman et al., 2003; Luijsterburg et al., 2007) , activating DDB CUL4 .
In vitro, the ubiquitination of XPC by DDB CUL4 is accelerated through direct binding of DDB1-DDB2 to damaged DNA . Ubiquitination of XPC and DDB2 has been suggested to mediate an ubiquitin-dependent handover of the lesion from DDB2 to XPC . The ubiquitination of histones surrounding the lesions, on the other hand, has been suggested to loosen the nucleosome structure, thereby facilitating the access of the NER repair machinery to the site of damage . The complete assembly of the NER repairosome requires around 100 bp, and this likely necessitates the displacement of at least one nucleosome (reviewed in Thoma, 2005) . A model of the DDB CUL4 ubiquitin ligase, constructed by superimposing the DDB1 structures from our DDB1-DDB2-DNA and the previously reported DDB1-CUL4-RBX1 (Angers et al., 2006) complexes, shows that the ubiquitin ligase can reach DNA-bound proteins in the vicinity of the lesion (Figures 7 and  S6C ). The DDB1 BPB domain, which is the attachment site for CUL4A (Figures 1 and 7A ), has rotational flexibility relative to the rest of DDB1-DDB2 (this work and Angers et al., 2006; Li et al., 2006) . Because of this, the RBX1-bound ubiquitin-conjugating enzyme (E2) would be able to sweep an active zone of $120 to maximally 180 within a distance of $35 to 60 Å from the photodimer (Figures 7B-7D ). Because Cullin-based ubiquitination is determined in part by the proximity of the substrate lysine(s) to the E2 active site (Wu et al., 2003) , our DNA-bound DDB CUL4 model suggests that the lesion-bound nucleosome would be an efficient substrate ( Figure S6 ). Ubiquitination of DNA-bound DDB2 and other NER factors may be less efficient, however, as the geometry of DDB CUL4 results in a ''blind spot'' in the immediate vicinity of the lesion that cannot be reached by the ligase (Figures 7C and 7D ). We note, however, that unstructured segments such as the approximately 55 residue hsDDB2 N terminus could, in principle, reach the ''active zone'' of the ligase. The exact lysine(s) targeted in DDB2 has not been determined, but in vitro studies have suggested that more than six lysine residues are modified in the course of the reaction . While the precise timecourse of ubiquitination events at sites of UV damage has to await further studies, our structure suggests that DDB1-DDB2 may facilitate the localization of XPC to the lesion by ubiquitinating histones H3-H4 and destabilizing the nucleosome structure in the immediate vicinity of the lesion. In conclusion, the structures of the DDB1-DDB2-DNA complexes provide a structural basis for understanding the high-affinity detection of lesions refractory to recognition by XPC. It also provides a framework for understanding damage recognition in chromatin and the role of ubiquitination in the NER response to damage.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification hsDDB1 (1-1140), hsDDB2 (10-427), and drDDB2 (94-457) were cloned into a pAC-derived plasmid (BD biosciences PharMingen, San Jose, CA, USA). Recombinant DDB1-DDB2 baculoviruses were prepared according to the manufacturer's instruction. Proteins were coexpressed as N-terminal (His) 6 tagged fusion proteins in High Five insect cells (Invitrogen).
For the DDB1-DDB2 purification, cells were resuspended in lysis buffer (50 mM Tris, pH 8.0; 200 mM NaCl; 5 mM b-ME; 1 mM PMSF; 0.1% Triton X-100) and lysed by sonication. Supernatant was harvested and protein was purified by sequential HisTrap affinity chromatography (Sigma) and Source15Q ion exchange chromatography (GE Healthcare). The purification was completed by size exclusion chromatography (Superdex 200; GE Healthcare) in 50 mM HEPES 7.4, 200 mM NaCl, and 5 mM DTT. The purified complex was concentrated to $10 mg/ml, flash-frozen in liquid N 2 , and stored at À80 C.
Oligonucleotides Used for Crystallization
Single-stranded DNA oligonucleotides containing the tetrahydrofuran (THF) lesion were ordered from Sigma Genosys Switzerland. The oligonucleotides containing the 6-4PP were synthesized and purified in the laboratory of S. Iwai (Iwai et al., 1996) . The complementary oligos (containing no lesion) were synthesized by GeneLink and Sigma Genosys with further purification on a Microsorb 300-5 PureDNA HPLC column (Varian, Inc., USA). Oligos were annealed in 10 mM HEPES 7.4; 50 mM NaCl and subsequently lyophilized and stored at À20 C.
Crystallization
Crystals of the DDB dr -DNA complexes as well as the DDB dr DNA-free complex were grown at 20 C-25 C using the hanging drop diffusion method. For protein-DNA complexes a 1.2 molar excess of DNA was added to the protein solution. The 16-mer THF complex and the DNA-free complex were crystallized after mixing the protein solution in a 1:1 ratio with reservoir containing 100 mM Ca-Acetate; 100 mM MES, pH 5.7; 12%-14% PEG 400. Diffraction grade 6-4PP crystals were obtained under identical conditions with the help of streak seeding. Crystals were transferred into cryo-solution (100 mM Ca-Acetate; 100 mM MES, pH 5.7; 12% PEG 400; 20% Ethylene glycol) and flash frozen in liquid N 2 for data collection. Data sets were collected at the Swiss Light Source, beamline X10SA, Paul Scherrer Institut, Villigen, Switzerland. Collected data were processed with XDS (Kabsch, 1993 ethyleneglycol; DNA-free: mother liquor + 30% glycerol) and flash frozen in liquid N 2 for data collection. Data sets were collected at the 8BM and 17IDB beamlines of the Advanced Photon Source, Argonne, USA. Reflection data were indexed, integrated, and scaled using the HKL2000 package (Otwinowski and Minor, 1997) .
Structure Solution and Model Building
Crystals of DNA-free DDB hs contain three complexes in the asymmetric unit. The structure was solved by the MIRAS method using KAu(CN) 2 and thimerosal derivates. Initial heavy atom sites were localized using ShelxD (Sheldrick, 2008) . Phases were calculated with the program SHARP (delaFortelle and Bricogne, 1997) and were improved using solvent flattening and three-fold averaging with the program DM (Collaborative Computational Project, Number 4, 1994) . Sequence assignment was confirmed using the anomalous signal from SeMet-derived crystals (data not shown). The structure of the DDB hs -DNA THF crystals was solved by molecular replacement with Phaser (Mccoy et al., 2007) using the individual molecules of the DNA-free structure as search models. The DDB hs -DNA THF crystals contain two complexes in the asymmetric unit.
Structures of DDB dr were solved by molecular replacement with Molrep (Vagin and Teplyakov, 1997) using the structure of hsDDB1 as a search model. The position of DDB1 was fixed and an additional round of Molrep with hsDDB2 as search model resulted in the full hsDDB1-drDDB2 complex. In the DNAcontaining complexes positive density appearing in the difference map was clearly identifiable as bound DNA, which was manually built into the density.
All structures were built using Coot (Emsley and Cowtan, 2004) and refined with Refmac5 (Murshudov et al., 1997) . Tight NCS restraints were applied during the refinement of the DNA-free DDB hs and DDB hs -DNA THF complexes.
Figures were generated with PyMol (DeLano Scientific; http://www.pymol.org).
ACCESSION NUMBERS
The models and structure factors have been deposited in the Protein Data Bank with the PDB accession codes 3EI1 (DDB dr -DNA 6-4PP ), 3EI2 (DDB dr -DNA THF ), 3EI3 (DDB dr -DNA free ), and 3EI4 (DDB hs -DNA free ).
SUPPLEMENTAL DATA
Supplemental Data include six tables and seven figures and can be found with this article online at http://www.cell.com/supplemental/S0092-8674(08)01383-4.
